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Char particles of high ash Turkish coal of two sizes were produced by pyrolysis in an atmospheric pres-
sure thermo-gravimetric apparatus using 3 heating rates (100 K/min, 500 K/min and 800 K/min). It is
observed that the particle size (for particles between 0.8 and 3 mm) did not change the pyrolysis process
results. Char gasiﬁcation rates in CO2, steam and mixture of CO2 + steam are investigated in the same TGA
system over the temperature range of 850–950 C. The pyrolysis heating rate for char formation is
observed to have a marked inﬂuence on the subsequent gasiﬁcation reactivity of the char. The results
indicate that the char produced from high heating rates show improved gasiﬁcation rates. Smaller parti-
cles exhibit higher char–CO2 and char–steam gasiﬁcation rates. Increasing the temperature from 850 to
950 C, leads to a signiﬁcant reduction of the time required for 50% char conversion both for small and
large particles. The maximum reaction rate is shifted to higher conversion degrees when the chars are
produced from high heating rates. The gasiﬁcation rate of char–H2O strongly depends on the H2O partial
pressure. Gasiﬁcation rates in CO2 ambiance are much lower than those in steam. For CO2–steam blended
ambiance, no obvious CO2 inhibition effect is observed. But this topic requires more investigation. Kinetic
parameters of the char particles are estimated using three different kinetic models. The obtained activa-
tion energies for char gasiﬁcation essentially depend on the particle size and the three kinetic models give
very close activation energy values for all the tested conditions.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction amount emissions such as NOx and SOx. CO2 emissions can beCoal is a very abundant natural energy resource. Gasiﬁcation is
generally considered as an efﬁcient process for low rank coal uti-
lization and CO2 gasiﬁcation offers the advantage of upgrading an
environmentally detrimental gas. A considerable reduction in CO2
emissions from coal could be obtained by improving the energy
efﬁciency of equipment, using alternative technologies (i.e. IGCC)
and/or development and deployment of carbon capture and stor-
age (CCS) technologies. IGCC makes it possible to reduce thereduced using carbon capture and storage (CCS) technology [1].
Coal undergoes a variety of physical and chemical changes when
heated to a temperature at which its thermal decomposition
occurs [2–5]. The chemical composition of coal has a strong
inﬂuence on its reactivity. Since coal properties differ widely,
kinetic data for coal gasiﬁcation should be coal-speciﬁc. The design
optimization and operation of coal gasiﬁcation processes require
characterizing the reactivity and kinetics of char gasiﬁcation.
Coal gasiﬁcation is affected by operating conditions such as
reaction temperature, char production conditions and particle size
in addition to chemical composition and physical structure of the
coal. Understanding the mechanisms of char gasiﬁcation is
essential for the design and simulation of gasiﬁers.
Table 1
Proximate analysis, ultimate analysis and heating values of Turkish coal (Saray
region) samples.
Unit Coal (dry basis)
Ash % 32.33
VM % 36.4
Fixed carbon % 21.7
C % 54.34
H % 3.74
N % 1.57
S % 3.74
Caloriﬁc value MJ/kg 19.85
K. Jayaraman, I. Gokalp / Fuel 153 (2015) 320–327 321Coal pyrolysis conditions affect the char structure. During
pyrolysis some coals swell depending on its swelling index and
the heating conditions [6]. During devolatilization the porosity
changes from 2% to 20% for a typical coal to >80%. The pore surface
area increases from 10–20 m2/g to 200–400 m2/g. The increased
surface area increases the reactivity of char. If the char porosity
reaches a critical porosity (70–80%) the char may fragment into
ﬁner particles which also increases the reactivity of the char.
As char gasiﬁcation is the rate-limiting step, high char reactivity
is important for achieving high conversion levels [7]. The primary
gasiﬁcation agents are steam and CO2, but as the process
progresses the CO and H2 concentrations also increase and may
participate in secondary gasiﬁcation reactions [8–12]. The CO2
gasiﬁcation rate was found to depend strongly on the reaction tem-
perature [13–17]. Contradictory results are given in the literature
[10–16] for the particle size effect, since some investigators consid-
ered decreasing gasiﬁcation rate with the particle size [17–21]
while others found insigniﬁcant dependence [18,22].
Low rank coals are characterized by high elemental oxygen con-
tent, highly dispersed inherent inorganic matter and a micro-
porous structure. Previous investigators [22–24] have concluded
that the concentration of active sites is directly related to the
oxygen-containing groups of the coal.
The mechanisms of carbon–CO2 and carbon–H2O reactions have
been studied extensively, either by experimental techniques [8,25–
30] or through computational chemistry [31,32]. A few papers focus
on char gasiﬁcation in the mixtures of CO2 and H2O. In the reported
papers, there is a discussionwhether there is an interaction between
CO2 and H2O during the gasiﬁcation in the mixture. Tay et al. [33]
and Nilsson et al. [34] have concluded that char–CO2 and char–
H2O reactions take place separately on different active sites on the
char and the gasiﬁcation rate in the mixture is equal to the sum of
the gasiﬁcation rates in each gasiﬁcation atmosphere respectively.
On the other hand, some researchers indicated that during the
gasiﬁcation in the mixture, the char–CO2 and char–H2O reactions
are not independent [29]. Some authors reported that adding the
carbon dioxide alongside the steam slows down the gasiﬁcation
reaction [29], arguing that CO2 and H2O share some active sites on
the char [29,35,36]. Wu et al. [37] and Chen et al. [38] also observed
high gasiﬁcation reactivity on separate active sites in H2O and CO2
mixtures of the coal-char produced by fast pyrolysis. Recently, Bai
et al. [39] have investigated the synergistic effect between CO2 and
H2O during coal-chars gasiﬁcation. The majority of these studies
did not tackle the issue of coal pyrolysis heating rate effects and char
gasiﬁcation in mixed atmospheres. Also, the synergetic effect
between CO2 and H2O has not been studied for high ash coal char
gasiﬁcation. Therefore, further research is needed to better under-
stand the heating rate effects on gasiﬁcation behavior of coal char
using steam, CO2 and blended mixtures of steam with CO2.
Some studies have been reported where different kinetic mod-
els are used for predicting the reaction rate of char gasiﬁcation
with CO2 or H2O [39–42]. The volume reaction model is generally
employed [43–46] for the kinetic analysis of experimental data
for coal gasiﬁcation. However, the volumetric (homogeneous)
and grain (non-reacted core) models do not consider the structural
changes during reaction [39,40,47,48]. The random pore model is a
kinetic model which incorporates physical structure changes dur-
ing gasiﬁcation reactions and was proposed by Bhatia and his
group [49]. A detailed understanding of char reactivity in CO2,
H2O and their mixtures is considered as essential for the
mathematical and process modeling of gasiﬁers. A comprehensive
kinetic model should be adopted to facilitate the application of this
knowledge to practical systems.
In this study, two sizes of Turkish high ash coal were selected.
The main objective is to determine and the gasiﬁcation kinetics
behavior of chars produced from high ash coals using variousheating rates in of high heating rate thermogravimetric analyser
(TGA). The effects of coal particle size, the pyrolysis heating rate,
the gasiﬁcation temperature and the composition of the gasiﬁca-
tion gaseous ambiance are investigated using the TGA methodol-
ogy. Kinetic parameters are estimated using three models and
the experimental char conversion degrees based on the TGA mass
loss curves. The results presented herein are part of a continuing
research program on the gasiﬁcation kinetics of high ash coals [50].
2. Experimental details
2.1. Coal sample preparation
High ash Turkish coal originated from Saray region was used in
this study. The sample was partially dried at low temperature
(<35 C) and then ground and sieved using standard sieves to
obtain two particle size ranges of about 800 lm and 3 mm. The
ultimate and proximate analyses of the coal are presented in
Table 1.
2.2. Char production and gasiﬁcation
A NETZSCH STA 429 thermal analyser with platinum furnace is
used to prepare the char particles. The experimental setup used for
the gasiﬁcation tests was described in a previous study [50–52].
The char particles are produced using heating rates of 100 K/min,
500 K/min and 800 K/min in argon ambience. After pyrolysis, chars
were cooled to ambient temperature in argon ambience. A separate
water vapor (steam) generator is connected with the STA. Steam
generator and the transfer lines are maintained at 180 C and
150 C respectively. The produced char particles are heated at a
constant heating rate of 40 K/min under argon ambience, after
the temperature inside the reactor is stabilized at the required
temperature (850, 900 or 950 C) and further gasiﬁed in steam,
CO2 and mixture of CO2 and steam ambiences for about 1 h. The
TGA system records the weight loss with a highly sensitive analyti-
cal balance with a resolution of 103 mg. Thermocouples measur-
ing the sample temperatures are connected to the bottom
portion of the crucible, precisely underneath the sample layer.
The experimental error limits of these measurements are deter-
mined, obtaining an accuracy for all studied samples of ±0.5% in
weight loss measurements and ±2 C in temperature measure-
ments. The effects of the gasiﬁcation temperature, the steam
partial pressure and the particle size are investigated at ambient
pressure conditions.
2.3. Kinetic models
The TG experimental results obtained as mass loss versus time
data, are converted to conversion degree (X) versus time proﬁles
(on ash-free basis) as follows:
322 K. Jayaraman, I. Gokalp / Fuel 153 (2015) 320–327X ¼ mo m
mo mash ð1Þ
where m is the instantaneous mass of the sample, m0 is the initial
mass and mash is the remaining mass corresponding to the ash con-
tent. The apparent reaction rate R is calculated as a differential of
the conversion degree versus time, denoted as dXdt so that
R ¼  dm
dt
1
mo mash
The calculations made with Eq. (1) are found valid based on the
assumption that no reactions of mineral matter with steam and
CO2 occur during gasiﬁcation.
The half-lifetime, t0.5 [37], is used as a reactivity index in this
work to characterize the gasiﬁcation reactivity of coal chars for
quantitative comparison. t0.5 denotes the time needed for 50% con-
version of the carbon in chars.
Many different models have been proposed to describe coal
char gasiﬁcation reactions with steam and CO2. For chemical
kinetic analysis, three models which assume the one-step reaction
approach are selected in this work. The apparent reaction rate can
be expressed as follows:
dX
dt
¼ kðTÞf ðXÞ
where k is the rate constant depending on the temperature and f(X)
describes the changes in the physical and chemical properties of the
sample as the gasiﬁcation proceeds and corresponds. The kinetic
rate constant is a function of the temperature according to the
Arrhenius relationship:
kðTÞ ¼ A exp  E
RT
 
where A and E are the pre-exponential factor and the activation
energy, respectively, and T is the absolute temperature.
In this work, three models were implemented in order to
describe the reactivity of the chars studied: the volumetric model
(VM), the grain model (GM) and the random pore model (RPM).
These models give different formulations of the term f(X).
VM is the simplest model which reduces the heterogeneous
gas–solid reactions of coal gasiﬁcation to a homogeneous reaction
by assuming uniform gas diffusion within the entire particle and
reacting with the char in all possible places, both outside and
inside the particle surface [40].
The kinetic expression for the reaction rate is represented by
dX
dt
¼ kVMð1 XÞ
or in the integrated form by Eq. (2):
 lnð1 XÞ ¼ KVMt ð2Þ
GM or shrinking core model, proposed by Szekely and Evans
[53], assumes that a porous particle consists of an assembly of uni-
form nonporous spherical grains and the reaction takes place on
the surface of these grains. The space between the grains consti-
tutes the porous network. The shrinking core behavior applies to
each of these grains during the reaction. As the reaction gradually
moves inside the particle, only the ash layer remains. In the kinetic
controlled regime the overall reaction rate is expressed in this
model as [40]:
dX
dt
¼ kGMð1 XÞ2=3 ð3Þ
The model is given in an integrated form by
3½1 ð1 XÞ1=3 ¼ kGMt ð4ÞRPM model considers the overlapping of pore surfaces which
reduces the area available for reactions [48]. The basic equation
for this model is:
dX
dt
¼ krpmð1 XÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 w lnð1 X
q
Þ ð5Þ
This model is able to predict a maximum for the reactivity as
the reaction proceeds, as it considers the competing effects of pore
growth during the initial stages of gasiﬁcation and the destruction
of the pores due to the coalescence of neighboring pores during the
reactions. The RPM model contains two parameters, the reaction
rate constant, kRPM, and w, which is a parameter related to the pore
structure of the unreacted sample (X = 0) that can be estimated
when the initial porosity structure is known [54,55].
This structural parameter can also be calculated using the
maximal conversion degree, Xmax, for which maximum reaction
rate is observed. The value of w can be estimated according to
the following relation [54,55]:
w ¼ 2
2 lnð1 XmaxÞ þ 1
For the evaluation of the reaction rate, the integrated form of
relation (5) gives
2
w
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 w lnð1 XÞ
q
 1
 
¼ kRPMt3. Results and discussions
In this section we shall ﬁrst present the results of char produc-
tion under various heating rates followed by the char gasiﬁcation
rates in single and mixed atmospheres containing H2O or/and
CO2. The effect of the pyrolysis heating rate char production) on
char gasiﬁcation will be highlighted for two char particle sizes.
Finally we shall discuss the mechanisms involved in char gasiﬁca-
tion in blended atmospheres of steam and carbon dioxide.
3.1. Char production: thermogravimetric analysis of coal pyrolysis
under various heating rates
Pyrolysis studies of Turkish coal samples are performed using
high heating rate thermogravimetric analysis with the heating
rates of 100 K/min, 500 K/min and 800 K/min in argon ambience,
as shown in Fig. 1a. The temperature of the coal sample is main-
tained constant for 5 min once it reaches the value of 950 C to
ensured that further mass loss is negligible. The mass loss curves
show that the devolatilization (or char generation) mainly depends
on the heating rate. For example @ 800 K/min, the total
devolatilization occurs in 1 min compared to more than 10 min @
100 K/min. As the heating rate increases, the pyrolysis process is
observed independent of particle sizes and the rate of volatilization
is almost constant in the initial stage, illustrated in Fig. 1b. It can be
observed that 800 lm particles exhibits the maximum DTG value
of 80%, compared to the 50% value for 3 mm particles. Due to the
differences in the ash and volatile content of the particle with dif-
ferent sizes, smaller particles have relatively higher char mass.
3.2. Char gasiﬁcation using CO2, steam and blended ambiences
To determine the conversion degree proﬁles for the char
gasiﬁcation reactions, we performed experiments in four
ambiences with two particles sizes, as follows: (i) steam partial
pressure of 0.9; (ii) steam partial pressure of 0.75; (iii) CO2 partial
pressure of 0.7 and (iv) blended ambience with steam partial pres-
sure of 0.6 and CO2 partial pressure of 0.2. In all these tests, the
(a)
(b)
Fig. 1. Char generation in argon ambience.
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Fig. 2. Comparison of char gasiﬁcation rate in steam with partial pressure of 0.9 for
3 mm particles.
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Fig. 3. Comparison of char gasiﬁcation rate in CO2 ambience for 3 mm particles.
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Fig. 4. Comparison of char gasiﬁcation rate in blended mixture of steam and CO2 for
3 mm particles.
K. Jayaraman, I. Gokalp / Fuel 153 (2015) 320–327 323remaining partial pressure is balanced with argon, since it is used
as protective gas for the TGA system and as carrier gas for the
steam. The gasiﬁcation experiment is performed under isothermal
conditions at the temperatures of 850, 900 and 950 C which are
close to the conditions of ﬂuidized bed gasiﬁers for high ash coal
applications. The time required to reach 50% conversion level and
the reaction rates are also presented. Although all the possible
combinations of temperature and gas partial pressures were
tested, in the following sections we only present the results of
some reference experiments.
3.2.1. Inﬂuence of char pyrolysis heating rate on gasiﬁcation
Fig. 2 shows the 3 mm char particles conversion degrees in
steam gasiﬁcation with the steam partial pressure of 0.9, and
where the chars were produced with different pyrolysis heating
rates. Figs. 3 and 4 illustrate the char conversion degrees in CO2
and blended mixtures of steam and CO2 atmospheres respectively.
The CO2 partial pressure was chosen so that the char–H2O and
char–CO2 reaction rates were of similar magnitudes and compara-
ble. The effect of pyrolysis heating rate for the gasiﬁcation in steam
and CO2 blends is shown in Fig. 4. In general, with increasing tem-
perature from 850 to 950 C, the char gasiﬁcation time is reduced.
In addition, these results indicate that the char produced from high
heating rates show improved gasiﬁcation rates in most of the cases
for all the three temperatures tested, as pointed out in [56,57]. Wu
et al. [37] and Chen et al. [38] also observed a high gasiﬁcation
reactivity of the coal-char produced by fast pyrolysis. Other studies
[58,59] also observed a similar behavior with coal and biomass
chars. Wu et al. [59] concluded that the reaction surface area is
one of the main factors which affect the gasiﬁcation reactivity ofcarbonaceous materials. The coal undergoes indeed structural
modiﬁcations throughout the pyrolysis process due to phenomena
such as pore enlargement, coalescence or blocking [60]. Fig. 5
shows that the half-lifetimes decreases as gasiﬁcation temperature
increases and that the effect of the gasiﬁcation temperature on t0.5
is relatively small at the gasiﬁcation temperature of 950 C, but the
heating rate effect prevails. The reaction rate is increased initially
and passes through a maximum in the conversion range of about
30–70%, as illustrated in Fig. 6.
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0 
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0 0.2 0.4 0.6 0.8 1 
Re
ac
o
n 
ra
te
 (1
/m
in
)
Conversion level, X
3 mm 100 K/min 900 C
3 mm 100 K/min 950 C
3 mm 800 K/min 900 C
3 mm 800 K/min 950 C
800 mic 100 K/min 900 C
800 mic 100 K/min 950 C
800 mic 800 K/min 900 C
800 mic 800 K/min 950 C
0.14
0.16
0.18
0.2
(1
/m
in
)
3 mm 100 K/min 900 C 3 mm 100 K/min 950 C
3 mm 800 K/min 900 C 3 mm 800 K/min 950 C
800 mic 100 K/min 900 C 800 mic 100 K/min 950 C
800 mic 800 K/min 900 C 800 mic 800 K/min 950 C
324 K. Jayaraman, I. Gokalp / Fuel 153 (2015) 320–327The coal contains randomly oriented large number of pores rang-
ing from micropores (pore diameter <2 nm) to macropores (pore
diameter >50 nm). The heating rate affects the coal devolatilization
rate, thereby it also inﬂuences the pore structure of the generated
char particles. Both big (macro-and mesopores) and micro pores
are important in coal gasiﬁcation [61]. Chars prepared at a high
heating rate have their pores open and present a high surface area,
whereas those prepared at a low heating rate have a less-developed
reactive surface and a narrower porous network [36,58]. This
behavior might be attributed to two competing effects concerned
with the char structure evolution during the reaction course: pore
growth in the initial stages followed by gradual collapse of the pore
structure due to coalescence of neighboring pores as gasiﬁcation
proceeds. Macro-and mesopores act as channels for the reacting
gas to the active sites in the micropores where gasiﬁcation reaction
takes place. Product gas also diffuses out through the porous
structure of the solid. This leads to variations in the number of car-
bon-active sites available for the gasifying agents. In the case of CO2
and steam gasiﬁcation at higher temperatures, these effects are pro-
nounced at later stages for 3 mm chars, beyond the conversion level
of 0.4. On the other hand, the pyrolysis heating rate effect on
gasiﬁcation of 800 lm chars was noticeable only at 850 C; as the
temperature increases, this effect becomes minimal0.02
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 3.2.2. Effect of temperature and H2O partial pressure on char–H2O
gasiﬁcation reactions
Figs. 2–4 illustrate the effect of the temperature and the steam
partial pressure on the H2O–char gasiﬁcation rate. The inﬂuence of(a)
(b)
Fig. 5. Time required for 50% conversion level (WV – water vapor: steam).
(b) Steam ambience (partial presssure = 0.75)
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Fig. 6. Reaction rate versus carbon conversion.temperature was evaluated in the range of 850–950 C. Fig. 5
shows the time required to reach 50% conversion level in gasiﬁca-
tion experiments with the steam partial pressures of 0.9 and 0.75.
A general trend is observed for the reaction time (t0.5), i.e. an
increase in temperature and partial pressure reduces the t0.5 value,
as also reported in [26,42,62]. Increasing the temperature from 850
to 950 C reduced the time required for 50% conversion by a ratio
of more than fourfold and threefold for 800 lm and 3 mm chars,
respectively.
It is observed that, at each temperature, the gasiﬁcation in H2O
with the partial pressure of 0.75 proceeded slowest among the
three temperatures tested in this study. The conversion of char
proceeded fastest during the gasiﬁcation experiments in the higher
Table 2
Comparison of the activation energy values (kJ/mol) for the 800 lm and 3 mm chars
gasiﬁed at 900, 950 and 1000 C in various ambiences.
Heating
rate (K/
min)
800 lm 3mm
VM GM RPM VM GM RPM
CO2 ambience
100 132.500 132.516 131.635 132.907 132.932 132.333
500 115.714 115.639 115.265 130.854 130.662 130.321
800 128.218 128.476 128.193 138.344 138.353 137.372
Steam ambience
100 125.591 125.350 123.970 175.957 175.782 174.485
500 98.828 99.127 98.953 171.484 171.609 169.613
800 151.015 151.256 147.931 115.888 116.387 115.390
Blended ambience
100 133.414 133.589 131.377 173.962 164.251 162.389
500 127.420 127.603 126.239 169.131 169.148 167.685
800 149.901 150.109 147.124 196.767 196.784 194.705
K. Jayaraman, I. Gokalp / Fuel 153 (2015) 320–327 325concentration of H2O, in which the chars were produced at rela-
tively low heating rates. That is to say, with 3 mm particles
increasing the H2O concentration from 75% to 90% results in 1.4
times higher char reactivity. However, the partial pressure and
temperature effects on 800 lm char conversion during the
gasiﬁcation in H2O are low when the char particles were produced
at higher heating rates. The same effects are also observed for
3 mm char particles. Clearly, the gasiﬁcation of char in H2O mainly
depends on the temperature and the particle sizes.
3.2.3. Inﬂuence of temperature and char particle size on char–CO2
gasiﬁcation reactions
The effect of particle size on the char–CO2 gasiﬁcation rate was
examined at three temperatures with two particle sizes, as illus-
trated in Fig. 5. It can be observed that larger particles always show
slower char–CO2 gasiﬁcation rates for all the tested temperatures.
This means that diffusion restrictions and heat transfer limitations
cannot be neglected for this type of high ash coal, for the tempera-
tures and coal sizes tested. These results are in accordance with the
analyses of previous investigations [44,45]. Fig. 6a shows that an
increase in the pyrolysis heating rate and in the gasiﬁcation tem-
perature increases the gasiﬁcation reaction rate. The insigniﬁcant
effect of the pyrolysis heating rate on char conversion level and
the strong dependence of the latter on temperature for smaller
sized particles, as discussed previously, provide further evidence
for the availability of active sites for Boudouard reactions in the
case of small particles. It is worth noting that the maximum reac-
tion rate is shifted to the higher conversion degrees when the chars
are produced from high heating rates. Also, it can be observed that
the char–CO2 reaction rate is almost similar irrespective of the char
production methods at low conversion degrees; as the reaction
rate proceeds, the gasiﬁcation rate increases until it reaches the
maximum value. Despite the fact that the active sites are relatively
more for the chars produced at high heating rates, the Boudouard
reaction rate is almost unaffected in the low conversion degree
region. This may be due to the diffusion limitation of surrounding
gases or to the CO inhibition effect [9].
3.2.4. Char gasiﬁcation in H2O and CO2 blends
In order to study the effect of introducing CO2 as a co-reactant
alongside steam, the gasiﬁcation experiments are performed at
three temperatures with a steam partial pressure of 0.6 and a
CO2 partial pressure of 0.2. Investigations concerning the reactions
of H2O and CO2 with high ash chars during gasiﬁcation are quite
limited. According to reported results [28,29,33–39], there are
two possible surface reaction mechanisms that can take place.
One approach assumes that C–H2O and C–CO2 reactions occur in
common active sites, while the other approach assumes that CO2
and steam reactions occur in separate active sites. Some results
[33,63] also pointed out that the overall carbon-conversion rate
in the presence of CO2 and steam H2O is the sum of the single
ambiance char reactivities which would mean that in mixed atmo-
sphere there is a synergetic effect between the ambiences. It is also
conjectured that [33,64] that besides reactions on separate active
sites, there is an active cooperation between the gases for the
accessibility to the reactive surfaces and one reactant may assist
to enhance the char reactivity towards the second gas either by
the creation of additional porosity or by the retention of catalytic
mineral species inside the char. For our experiments, conversion
degrees versus time plots are shown in Fig. 4. By comparing the
conversion degree graphs for steam–CO2–char gasiﬁcation at
corresponding temperatures, the inﬂuence of the pyrolysis heating
rate on mixed gasiﬁcation is analyzed. Compared to the inﬂuence
of the pyrolysis heating rate on the gasiﬁcation time in single
atmospheres, the blended ambience imparted only slight differ-
ences. At the lowest gasiﬁcation temperature (850 C), there issome reduction in the reaction rate for the blended ambiance.
But this effect disappears for higher gasiﬁcation temperatures.
Therefore, as also mentioned in several studies [8,33,37,38,58]
these results indicate that the introduction of CO2 would not
inhibit the steam–char gasiﬁcation reactions, at least at high
gasiﬁcation temperatures, and do not compete for reactive sites.
Fig. 6a and b also shows that the reaction rates in steam and
CO2–steam ambiances do not differ signiﬁcantly. Additional
investigations are needed to properly understand the char gasiﬁca-
tion behavior under blended ambiances compared to single
atmospheres.
3.3. Determination of kinetic parameters for char gasiﬁcation in steam,
CO2 and mixed ambiences using volumetric, grain and RPM models
To study the applicability of the selected kinetic models and to
predict the kinetic behavior of the studied high ash coal samples,
the models were ﬁtted with the experimental data. For this opera-
tion, the reactivity should refer to a speciﬁc conversion degree.
Reactivities at 10% or 50% of char conversion are often used for
the determination of the kinetic parameters; the latter value is
actually the most commonly selected parameter in several similar
investigations [33]. In our study, the reactivity at 50% conversion
level is also taken as a reference. The reaction rate constants can
be calculated from the slopes of the linearized relationships
expressed by Eqs. (2), (3) and (5) based on the experimental data
of char conversion degree X. The rate constants (kVM, kGM and
kRPM) are therefore estimated from the data for three temperatures.
To evaluate the kinetic parameters by means of the Arrhenius
relationship, the reciprocal relationship between the logarithm of
the rate constant and the absolute temperature (1/T)t at each stud-
ied temperature was analyzed, as also proposed elsewhere for
coal-char gasiﬁcation studies [47]. The linear dependence of the
logarithm of kinetic rate constant on the inverse of the tempera-
ture was veriﬁed with a good correlation (correlation coefﬁcient
>0.9). Table 2 shows the summarized kinetic parameters (the
activation energy E) determined from the experimental data using
the models for 800 lm and 3 mm samples. The activation energies
estimated by the three models for gasiﬁcation in CO2 ambience are
in the range of 115–138 kJ mol1 and do not show any strong
dependency on the particle size nor the pyrolysis heating rate.
These values are in accordance with the reported literature values
[13,37,38,42,58]. The activation energy values vary in the range of
98–176 kJ mol1 the in steam ambience; similar values were also
reported in recent studies [38,58]. In the case of mixed ambience
of CO2 + H2O, the activation energy values vary from 126 to
196 kJ mol1. It can be observed that the activation energies for
326 K. Jayaraman, I. Gokalp / Fuel 153 (2015) 320–327800 lm char particle gasiﬁcation are always lower when compared
to the gasiﬁcation of 3 mm char particles. We also observe that the
3 models predict very close activation energy values for the tested
conditions.4. Conclusions
Char particles of high ash Turkish coal of two sizes were
produced by pyrolysis in an atmospheric pressure thermo-gravi-
metric apparatus using 3 heating rates (100 K/min, 500 K/min
and 800 K/min). It is observed that the particle size (for particles
between 0.8 and 3 mm) did not change the pyrolysis process
results. Char gasiﬁcation rates in CO2, steam and mixture of
CO2 + steam were investigated in the same TGA system over the
temperature range of 850–950 C. The pyrolysis heating rate for
char formation is observed to have a marked inﬂuence on the sub-
sequent gasiﬁcation reactivity of the char. The results indicate that
the char produced from high heating rates show improved gasiﬁca-
tion rates. The explanation of this effect is thought to be due to the
modiﬁcation of the char pore structure and the availability of
increased active sites to react with the gasiﬁcation agent when
the char particles are produced from high heating rates. Smaller
particles exhibit higher char–CO2 and char–steam gasiﬁcation
rates. Increasing the temperature from 850 to 950 C leads to a sig-
niﬁcant reduction of the time required for 50% char conversion
both for small and large particles. The maximum reaction rate is
shifted to higher conversion degrees when the chars are produced
from high heating rates. The gasiﬁcation rate of char–H2O strongly
depends on the H2O partial pressure. Gasiﬁcation rates in CO2
ambiance are much lower than those in steam. For CO2–steam
blended ambiance, no obvious CO2 inhibition effect was observed.
But this topic requires more investigation.
Kinetic parameters of the char particles were estimated using
three different kinetic models. The obtained activation energies
for char gasiﬁcation essentially depend on the particle size and
the three kinetic models give very close activation energy values
for all the tested conditions.
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